Ectopic pregnancy (EP) is an enigmatic reproductive disorder. Although tubal EP is difficult to predict, several hypotheses about its etiology have been proposed. In retrospective casecontrol studies, smoking is associated with an increased rate of
Aberrant embryo implantation can cause ectopic pregnancy (EP), miscarriage, and premature birth [1] . EP, defined as extrauterine pregnancy due to embryo implantation outside the uterus, is a major cause of human maternal morbidity and mortality [2, 3] . It is difficult to predict the development of EP, and treatment and prevention options are limited [4] . EP affects an estimated 1.5%-2% of all pregnancies in the Western world, and ;98% of EPs occur in the fallopian tube [2] . Tubal EP is a growing problem in developing countries and increases annual health care costs [5] . Women with tubal EP are at increased risk for infertility and tubal EP in future pregnancies [6, 7] . Given the strict clinical criteria for medical management with methotrexate, most EPs are treated by laparoscopic surgery or, in more serious cases, by open abdominal surgery [3, 6] .
The etiology of tubal EP is unknown, but smoking is an independent risk factor for the condition [3, 8] . Smoke contains hundreds of toxic chemicals [9] and seriously damages the health of nonsmoking women and children, such as with the development of respiratory illnesses and lung cancer [10] . According to the World Health Organization, approximately 15% of women in developed countries and 8% in developing countries report currently smoking [10] . Moreover, the prevalence of smoking among women worldwide will be raised alarmingly by 2025 if there are no dramatic changes in prevention and cessation rates and no new intervention [10] . The negative impact of active and passive smoke on human reproduction is widely acknowledged [11, 12] , but retrospective case-control and clinical studies have yielded conflicting results about the correlation between active cigarette/tobacco smoke and tubal EP (Table 1) . Most studies have shown a dosedependent increase in tubal EP in women who smoke [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] , although other studies have not [24] [25] [26] [27] [28] . These conflicting results are partly due to passive exposure to involuntary smoking, passive smoking, and environmental tobacco smoke [8] ; individual sensitivity [12] ; or another pathology [29] that induces tubal EP. Therefore, a well-designed and randomized control trial to test the hypothesis that there is an association between smoke and incidence of EPs in women, should be considered. Clearly, cigarette/tobacco smoke adversely affects embryo implantation in the uterus, leading to pregnancy failures [12] . Less clear, however, are the molecular and cellular mechanisms whereby active or passive smoke exposure initiates embryo implantation in the fallopian tube and EP.
TUBAL BIOLOGY AND POSSIBLE ETIOLOGIES OF TUBAL ECTOPIC PREGNANCY
The fallopian tube is a dynamic, steroid hormone-responsive tissue [30] that facilitates gamete transport for fertilization, 
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enhances early embryonic development, and enables the embryo to reach the uterus for timely implantation [31] . The fallopian tube is generally divided into four major anatomical regions: the infundibulum (fimbriae), the ampulla, the isthmus, and the uterotubal junction, which perform different physiological functions [31] . The infundibulum secures oocytes extruded from the ovary. The ampulla is the most common site of fertilization, accounting for 78% of tubal EPs [32] . The isthmus is thought to be important for the capacitation of spermatozoa. The isthmoampullary junction contains sympathetic innervations, which respond to the tubal mating [31] . All four regions are composed of ciliated and secretory epithelial cells and smooth muscle cells, which appear to have specialized roles [7, 31] . Ciliated epithelial cells push the gametes and embryo along the tube and appear to be largely responsible for this function when the muscle cell-dependent contractile activity is blocked by isoproterenol, a b-adrenergic agonist [33] . During the menstrual or estrous cycle, the fallopian tube epithelium undergoes significant endocrineinduced changes in morphology (e.g., cell height, distribution of ciliated and secretory epithelial cell population), biochemistry (e.g., mitotic activity), and physiology (e.g., ciliation and secretion) [30, 31] . The ratio of the ciliated epithelial cells to secretory epithelial cells in the fallopian tube changes in a cyclical manner, and ciliated epithelial cells may be transformed into secretory epithelial cells after loss of their cilia in the estrogen-driven follicular phase [30] . The fallopian tube is both a target for ovarian steroid hormones and an endocrine organ. Although its secretory function is incompletely characterized, secretory epithelial cells synthesize and secrete substances that influence the local environment in autocrine and paracrine manners for final maturation and transport of gametes [34] . The local vascular network also participates in the secretion process [31] and the formation of fallopian tubal fluid [35] . In addition, accumulating data suggest that smooth muscle contraction modulates tubal transport through adrenergic innervations [36] . Moreover, communication among tubal cells allows for normal tubal functions [7, 30] , and alteration of the hormonal milieu in these cells can lead to tubal implantation [32] .
Successful embryo implantation requires an adequately prepared receptive uterus and a healthy embryo [37] . Blastocyst adhesion, attachment, migration, and invasion are necessary for intrauterine implantation [38] . The tubal epithelium is normally not receptive to implantation and acts as a mechanical barrier to prevent the early embryo from interacting with the epithelium [31] ; however, during transport there is a dialogue between tubal epithelial cells and gametes/ early embryos [39, 40] .
Our long-standing hypothesis is that structural damage or functional disturbances of the fallopian tube are responsible for tubal EP and result in pregnancy failures and irreversible infertility [7, 41] . We assume that both stimulatory and inhibitory cellular and paracrine mechanisms contribute to implantation in the fallopian tube (Fig. 1) . Each mechanism may contribute to tubal EP, as triggered by different pathological signals. Before we can address the pathophysiological basis of the tubal EP, however, we must elucidate the role of each of these mechanisms in the tubal implantation.
SMOKE AND TUBAL CELL FUNCTION: ANIMAL AND HUMAN STUDIES
Which specific chemicals in smoke are harmful and what smoke does to fallopian tubal cell function have been clarified in animal studies in vivo and in vitro. Cigarette/tobacco smoke contains about 4000 chemical compounds [9] . Nicotine ([S]-3-[1-methyl-2-pyrrolidinyl] pyridine), a highly bioactive alkaloid, is abundant in cigarette smoke and is mainly metabolized by the liver and excreted by the kidneys [42] . Nicotine binds to the acetylcholine binding site of the nicotinic acetylcholine receptor alpha-subunit, which results in receptor desensitization and in upregulation and modulation of the mesocorticolimbic dopaminergic system [43] . Moreover, compounds in cigarette/ tobacco smoke go through complex chemical reactions [44] . tabolite of nicotine, activates the nicotinic acetylcholine receptor alpha-subunit 7 (official symbol CHRNA7) signaling pathway in innate immune cells in vitro [45] . Another major constituent of tobacco smoke is cadmium, a common environmental pollutant. The effects of cadmium in animals are dose dependent. In rodents injected subcutaneously with CdCI 2 , oocyte transport is decreased and intrauterine implantation is delayed [46, 47] . There is a great deal of evidence that animals or fallopian tubal explants exposed to cigarette/tobacco smoke extract have a decreased ciliary beat frequency (Fig. 1) , cilia-dependent oocyte retrieval rate, adhesion of the oocytecumulus complex to the tube, and smooth muscle contraction and relaxation [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] . Similarly, treatment with nicotine alone slows smooth muscle contraction in rhesus monkeys in vivo [58] . Furthermore, in vivo treatment of rats with nicotine limits fallopian tubal blood flow and early embryo development [59] . These results suggest that cigarette/tobacco smoke could impede complex, coordinated fallopian tubal processes, such as gamete and embryo transport.
Despite compelling epidemiological and clinical evidence (Table 1 ), the exact mechanisms by which tobacco smoke contributes to tubal EP are poorly understood. Signaling by the prokineticins as proangiogenic factors helps regulate smooth muscle contractility [60] and the expression of genes related to intrauterine implantation [61] . Because the actions of prokineticins are mediated by prokineticin receptors (PROKRs), and low levels of PROKR1/2 expression are observed in women with tubal EP [62] , a clinical study was initiated to investigate the potential mechanistic link between smoking and PROKRand CHRNA7-triggered tubal EP [63] . This study showed that treatment with cotinine increased PROKR1 but not PROKR2 expression, and that a-bungarotoxin, a specific CHRNA7 antagonist, blocked the effects of cotinine on the PROKR1 expression in the human fallopian tube in vitro. Therefore, we assume that PROKR1-mediated regulation of both smooth muscle contractility and implantation-related genes requires activation of CHRNA7 and that these pathways contribute to smoke-induced impairments of tubal function that lead to tubal EP (Fig. 1) .
DOES CIGARETTE/TOBACCO SMOKE CAUSE EMBRYO IMPLANTATION IN THE FALLOPIAN TUBE?
Although experimental work has helped to unravel some of the principles of cigarette/tobacco smoke-induced tubal pathophysiology, key molecular targets of cigarette/tobacco smoke that result in tubal EP remain unidentified. Much effort has been expended to understand how smoking regulates the outcome of intrauterine implantation and pregnancy. For example, in rats, treatment with nicotine slows entry of the embryo into the uterus, impairs decidualization, and delays intrauterine implantation [64, 65] . In addition, although fertilization rates and embryo quality are similar in smoking and nonsmoking women, both active and passive cigarette/ tobacco smoke appear to have adverse effects on implantation and ongoing pregnancy [66] . Therefore, it is biologically plausible that cigarette/tobacco smoke increases the risk of implantation in the fallopian tube. Interestingly, in hamsters, cigarette smoke promotes the transformation of ciliated epithelial cells to secretory epithelial cells in the ampulla in vivo [52] . Fallopian tubal fluid formed by the secretory activity of epithelial cells constitutes a functional unity (Fig. 1) [31] , and its composition and volume are dependent on physiological and pathophysiological conditions [34] .
The embryo's journey through the fallopian tube during pregnancy requires healthy microenvironments, which are influenced by ovarian steroid hormones and other factors [30] . In rats, treatment with nicotine increases circulating 17b-estradiol (E2) levels and the ratio of E2 to progesterone (P4) during the preimplantation period [65] . Thus, cigarette/tobacco smoke could influence estrogen synthesis and metabolism and regulate estrogen-sensitive outcomes in E2-target tissues. The levels of intratubular E2 and P4 in response to nicotine treatment are unknown. However, changes in circulating steroid hormone levels are likely reflected in the changes of levels in fallopian tubal fluid. The steroid hormones found in high concentrations in the fallopian tubal fluid are thought to play a role in tubal transport [30] . Estrogen production surges just before ovulation, and it induces growth of the uterine epithelial cells that will come into contact with a developing embryo [37] . Animal studies have indicated that a local action of E2 on a P4-primed endometrium is required to activate the blastocyst and to render uterine epithelial cells sensitive to the presence of the embryo [38] . Furthermore, E2-mediated expression of the nuclear estrogen receptor (ESR) is necessary for endometrial receptivity to ensure successful implantation [37] . Because human and rodent fallopian tubal cells express ESRs [67] [68] [69] [70] , an unidentified cigarette/tobacco smokeresponse mechanism, such as the actions of tubal E2, might contribute to tubal implantation. Tubal ESR1 (ERa) expression is decreased in women with tubal EP [67] , and epithelial cells at the implantation site of the fallopian tube do not express ESR1 (Shao et al., unpublished data). We find it useful to consider the participation of the ESR1 signaling pathway in fallopian tubal implantation as part of the response to cigarette/ tobacco smoke (Fig. 1) .
Given the similarities in tubal physiology between humans and rodents and the limited availability of human tubal tissues for research, mouse models could be valuable for understanding basic principles of fallopian tubal etiologies. Another consideration is that the principles of cigarette/tobacco smokeinduced deleterious effects on the fallopian tubal function in animals could apply to humans; however, animal experiments do require judicious interpretation and recognition of their limitations. Currently, appropriate animal models to study tubal EP are lacking [7, 41] . Genetically modified mice allow rigorous testing of mechanistic hypotheses. Therefore, an approach to this problem would be to determine whether cigarette/tobacco smoke induces implantation in the fallopian tube in mouse models in which gamete/embryo transport is blocked [7] .
CONCLUSION
Nearly all tubal EPs have the potential to rupture the fallopian tube and are therefore life-threatening [3, 6] . Cigarette/tobacco smoke as a risk factor for tubal EP could act at several levels to induce fallopian tubal pathophysiology. The diagnosis of tubal EP has been advanced by a combination of transvaginal ultrasound and measurement of b-human chorionic gonadotropin concentration. However, comprehensive strategies to predict, treat, and prevent tubal implantation are largely lacking because of our limited understanding of its etiology and the interplay of the various risk factors for tubal EP, including active and passive cigarette/tobacco smoke. We have highlighted here possible etiologies of tubal EP caused by smoking. Because alterations of tubal functions are mediated by multiple regulatory mechanisms [7, 40] , identifying the key mechanism of tubal pathogenesis will be important for understanding why embryo implantation in the fallopian tube is initiated and develops into a tubal EP with a higher incidence in women exposed to cigarette/tobacco smoke. No firm SMOKE AND FALLOPIAN TUBAL ECTOPIC PREGNANCY evidence as yet exists to show that smoke-induced embryo implantation occurs in the fallopian tube in women. We must reach beyond the tools available in the laboratory to probe cigarette/tobacco smoke-induced tubal pathophysiology, using carefully coordinated preclinical and clinical research to gain a comprehensive understanding of the causes of tubal EP.
